Abstract. The possible use of zeolitic rocks for the production of lightweight aggregates was assessed, investigating both the expansion at high temperature and the technological features of fired products. Eighteen zeolite-bearing rocks from Sardinia, Campania and Tuscany (Italy) were taken into account. The firing expansion depends mainly on the chemical composition (especially silica and fluxing oxides) and the water content (largely related to the zeolite amount). Other relevant parameters are the temperature of maximum expansion (1350-1500°C, without additives) and soaking time (2-5 minutes). Some products are highly impervious (water absorption <1%) and exhibit a considerable firing expansion (>100% vol.), a low bulk density (0.5-0.7 g⋅cm -3 ) and fair technical properties (loose weight and strength of particles). These encouraging results make some of the investigated tuffs interesting raw materials for the production of lightweight aggregates.
Introduction
Aggregates are natural or artificial incoherent materials constituted by elements with different grain sizes, that are generally used in the production of concrete. Lightweight aggregates are defined as materials lighter than water and distinctly more porous than sand, gravel and ground rock, which are commonly referred to as "dense" aggregates [1] . This feature sensibly reduces the bulk density and makes easier to work and transport the lightweight products. An expanded aggregate is formed by quick heating at high temperature of materials which are able to bloat. To get a suitable expanded aggregate, raw materials must: i) contain substances that release gases at high temperature; ii) produce during firing a highly viscous phase, which is able to entrap these gases, iii) develop a glassy surface during cooling being impervious, homogeneous and mechanically resistant [2] . The natural materials mostly used for lightweight aggregates are clays or shales [3] , but even perlite [4] or zeolitized volcanoclastites [5] can be utilised. The high water content of zeolites makes these materials very interesting for the production of lightweight aggregates [6] . The occurrence in Italy of huge zeolite deposits [7] [8] [9] drove this investigation to appraise the behaviour of different zeolitic raw materials for lightweight aggregates. [2] . fractured surface of a lightweight aggregate. Pore size is coarsening from the centre (left) to the outer surface (right).
Experimental
Materials. Fifteen samples were obtained from a volcano-sedimentary succession in Northern Sardinia, where hydrothermal fluids transformed the rhyolitic glass in clinoptilolite, smectite and opal-CT [9] . Other three volcanic rocks from Central and Southern Italy were investigated: the Sorano trachytic ignimbrite, affected by epigenetic zeolitization (chabazite and phillipsite) [7] ; the Neapolitan Yellow Tuff, deeply zeolitized (phillipsite, chabazite and analcite) [8] ; the Campanian ignimbrite, a mainly chabazitic trachyte [10] . Methods. Raw materials were characterized from the mineralogical (XRPD, Rietveld-RIR) and chemical (ICP-OES) viewpoints. The laboratory production of aggregates consisted of dry milling, pressing of cylindric pellets (∼0.3 and ∼3.4 cm 3 ), firing in an electric kiln up to 1500 °C for 2-5 minutes, then quenching in air. The following parameters were determined: i) aggregate volume V a (Archimedes' principle); ii) bloating index or volume change after firing BI = (V a -V p )/V p , where V p is the initial volume; iii) bulk density calculated as dry weight W d to volume V a ratio; iv) water absorption W a =100
where W s is the water-saturated weight (after 72 h of immersion); v) microstructure by SEM observations. Furthermore, a big amount of aggregates was prepared with the sample LB, selected on the basis of its suitable technological behaviour. Both the loose weight and strength of particles were tested according to the Italian standard UNI 7549. Two different particle sizes (11-13 and 23-27 mm) were obtained from the 0.3 and 3.4 cm 3 pellets respectively.
Results and Discussion
Composition of raw materials. The Sardinian rocks are characterized by clinoptilolite as main component (32-81%) associated to K-feldspar (8-28%), quartz (2-26%), opal (3-25%), and smectite (0-14%). The tuffs from Tuscany and Campania exhibit different types and amounts of zeolites: chabazite (6-61%), phillipsite (12-42%) and analcime (6-7%), which are accompanied by potassic feldspar (15-25%) and volcanic glass (0-19%). This marked difference is also evident considering the chemical composition: the Sardinian samples have a high silica content, generally more than 63%, moderate amounts of alumina (11-14%), and low concentrations of fluxing (8-13% (Fig. 1) . Firing behaviour. The aggregates generally exhibit a hemispherical shape, due to the surface in contact with the refractory support. The Sardinian samples present rather regular and rounded shapes, whereas the others have an irregular and flattened geometry. Microstructural observations show a coarsening of closed porosity from the centre to the surface of aggregates, with a mean pore diameter growing from 10 µm up to 800 µm (Fig. 2) . Both the optimal temperature (T b ) and the soaking time (t s ) are well correlated with the chemical composition of zeolitic tuffs: the higher the silica/fluxing ratio, the higher the T b . As a matter of fact, t s is 2-3 minutes for silica/fluxing ratios lower than 4.6, and 3-4 minutes for higher values. In these firing conditions, the average volume of aggregates ranges from approximately 3 to 10 cm 3 , with a greatly variable bloating index: from negative up to 2. The largest values (BI ~2) correspond to a bulk density around 0.5 g⋅cm -3 , while a noteworthy expansion (BI=1.0-1.5) reflects bulk density between 0.55 and 0.75 g⋅cm -3 . Lightweight products were obtained even with BI and bulk density values in the 0.6-0.7 and 0.85-0.95 g⋅cm -3 ranges respectively. The remaining samples exhibit low or negative BI, and consequently are always denser than water (Fig. 3) . All the aggregates are impervious to water (water absorption below 1%) except for samples 62, 85 and 55, that are characterized by W a >10%. Technological properties. Several zeolitic tuffs produced lightweight aggregates with a bulk density comparable to that of the so called expanded clays, which is in the range of 0.5-0.7 g⋅cm -3 . The values of loose weight and strength of particles, determined on both sizes (23-27 mm and 11-13 mm) of the aggregates manufactured with sample LB, are summarized in Table 1 . Coarse-grained aggregates exhibit a lower loose weight, though fine-grained aggregates have a better mechanical strength. A significant comparison of the technological features of expanded aggregates obtained from zeolitic tuffs and a high quality commercial product can be performed between the LB smaller size (11-13 mm) with a LECA 
Conclusions
Zeolitic tuffs can actually be used in the production of lightweight aggregates, even without any gasreleasing additive. The aggregates prepared at a laboratory scale exhibit bulk density values analogous to those of commercial products, such as expanded clays, as well as loose weight (around 300 kg·m -3 ) and mechanical strength (up to 0.95 MPa) comparable to the requirements for high quality lightweight aggregates. The best results were obtained with clinoptilolite-rich rocks, characterized by a rather high silica/fluxing ratio, which gave low density aggregates after firing at 1430-1500 °C (down to 0.5 g⋅cm -3 ). In contrast, the firing (1350-1400 °C) of chabazite-and/or phillipsite-rich volcanoclastics, with lower silica/fluxing ratios, produced just limited expansion (bulk density at best 0.9 g⋅cm -3 ). Bloating depends to a large extent on the chemical composition and particularly the loss on ignition, silica/alumina and silica/fluxing ratios of zeolitic materials. In order to obtain aggregates with bulk density in the 0.5-0.7 g⋅cm -3 range, L.o.I. >10%, SiO 2 /fluxing ratio in the 4-7.5 range and SiO 2 /Al 2 O 3 ratio between 4 and 5.6 should be used, preferring raw materials with a zeolite amount ≥50%.
